Acid ␤-glucosidase (GCase) is a soluble lysosomal enzyme responsible for the hydrolysis of glucose from glucosylceramide and requires activation by the small nonenzymatic protein saposin C (sapC) to gain access to the membrane-embedded glycosphingolipid substrate. We have used in situ atomic force microscopy (AFM) with simultaneous confocal and epifluorescence microscopies to investigate the interactions of GCase and sapC with lipid bilayers. GCase binds to sites on membranes transformed by sapC, and enzyme activity occurs at loci containing both GCase and sapC. Using FRET, we establish the presence of GCase/sapC and GCase/ product contacts in the bilayer. These data support a mechanism in which sapC locally alters regions of bilayer for subsequent attack by the enzyme in stably bound protein complexes.
G
aucher disease is a common lysosomal storage disease characterized by the presence of engorged macrophages in the liver, spleen, and bone marrow (1, 2) . The disorder is caused by abnormal accumulations of glucosylceramide (GlcCer) in these tissues because of the inability to catabolize this lipid within lysosomes. Typically, the breakdown of membrane glycosphingolipids requires the combined action of a hydrolytic enzyme and a nonenzymatic ''activator'' protein, which, in the case of GlcCer, are acid ␤-glucosidase (GCase, EC 3.2.1.45) and saposin C (sapC). In the absence of activator and acidic phospholipids, the enzyme does not have direct access to the glycosphingolipid, which is tightly packed within the lipid bilayer. Imiglucerase [Cerezyme (Genzyme, Cambridge, MA), recombinant GCase expressed in mammalian cell cultures] is used in enzyme replacement therapy of Gaucher patients (3) .
The activator proteins saposin A, B, C, and D are homologous, soluble, nonenzymatic proteins that interact with lysosomal membranes and facilitate the breakdown of glycosphingolipids by specific hydrolases (2, 4, 5) . Recent findings have also implicated saposins in glycolipid antigen presentation by CD1 molecules, where saposins are thought to provide the means by which glycolipids are extracted from membranes and loaded onto CD1 molecules (6) (7) (8) . Current models for enzyme activation address the location of saposin-mediated lipid-hydrolase interactions and define the ''solubilizer'' and ''liftase'' modes of action. In the former model, target lipid molecules are extracted from bilayers by saposins and presented to cognate enzymes as soluble protein-lipid complexes. In contrast, the ''liftase'' model involves the binding of enzyme to the bilayer surface where saposin molecules facilitate the access to the glycosphingolipid substrates. Different saposins and enzymes are hypothesized to fall into a particular category of enzyme activation. For example, saposin B is thought to be a detergent-like lipid solubilizer (9, 10) , whereas sapC may act as a liftase at the bilayer surface (2, 11, 12) . Strong binding of sapC to lipid bilayers was shown by using coprecipitation assays (13) and NMR spectroscopic titrations (14) . Simultaneous atomic force microscopy (AFM)/ fluorescence microscopy allowed the visualization of saposin binding to planar bilayers and the resulting membrane transformation (15) (16) (17) (18) . Although sapC has no enzymatic activity, sapC-transformed areas contain narrow channels surrounding islets of the original bilayer in a manner strikingly similar to the effects of secreted phospholipase A2 (19) on lipid bilayers. Like GCase, phospholipases are water-soluble enzymes that act on membrane-embedded lipids, some using a membrane-docking C2 domain distinct from the catalytic domain (20, 21) . Pancreatic lipase is another example of a soluble enzyme that hydrolizes lipids in aggregated forms. The enzyme requires the action of a small activator protein, colipase, which anchors the enzyme to lipid particles and stabilizes its active conformation (22) . Conceptually, some aspects of the lipase/colipase pair may be similar in the GCase/sapC association acting according to the ''liftase'' model.
Despite extensive in vivo and in vitro studies, it remains unclear whether the activation of GCase by sapC can be exclusively assigned to either model. An understanding of saposin-mediated glycosphingolipid hydrolysis requires the characterization of GCase interactions with saposin-and substrate-containing lipid bilayers. In this study, we present the simultaneous visualization of sapC and GCase action on model membranes by AFM and confocal fluorescence imaging. Using a membrane-bound fluorogenic substrate in the combined microscope, we directly observe enzyme activation at the membrane interface. Finally, we establish GCase/sapC and GCase/product contacts by FRET within the bilayer. Our results are fully consistent with a membrane-bound reaction involving a form of interfacial catalysis.
2-8 nm higher than the unaffected bilayer ( Fig. 1) . We also observed the occasional presence of larger aggregates in these areas, which are seen as white features in Fig. 1 . Although sapC alone has the potential to form raised plaques and aggregates atop remodeled areas, these appear only at sapC concentrations Ͼ5 M (15). We therefore presume that the material observed upon the addition of the enzyme is composed of GCase or a mixture of GCase and sapC. Because the diameter of GCase is Ϸ5 nm (23), the change in height is consistent with the presence of one to two molecules of the enzyme. The features that arose from the addition of GCase did not appear in areas unaffected by sapC action.
To confirm the identity of the proteins bound to the supported lipid bilayer, we used combined in situ AFM/multiprobe confocal fluorescence imaging (Fig. 2) . sapC was labeled with the Alexa Fluor 546 (A546) fluorophore at residue 22. This position is in a short loop between helices ␣1 and ␣2 of the protein and is the site normally glycosylated in the natural protein (24) . GCase was chemically labeled using an amine-reactive Alexa Fluor 488 (A488) succinimidyl conjugate. Images of A546-labeled sapC (A546-sapC) and A488-labeled GCase (A488-GCase) fluorescence were collected in separate channels (red and green, respectively). Similar to the experiment in Fig. 1 , the supported planar bilayer had a model lysosomal lipid composition with some initial defects. As shown (15) , fluorescent sapC localized to the lipid surface in saposin-induced lowered areas [ Fig. 2 and supporting information (SI) Fig. 7] . After the addition of A488-GCase, granular material similar to that observed in highresolution AFM scans ( Fig. 1) was detected in areas of saposininduced bilayer lowering (Fig. 2B ) along with weak A488-GCase fluorescence in the GCase channel (Fig. 2 A) .
The low intensity of the A488-GCase signal made it difficult to correlate the sapC and GCase fluorescence distributions. Because the ''liftase'' mechanism implies a direct sapC/GCase interaction, we expected that the fluorophores on the two proteins would be within their Förster radius (25, 26) , resulting in FRET between the A488-GCase donor and the A546-sapC acceptor. In this scenario, FRET would reduce the A488-GCase fluorescence. We tested this hypothesis by photobleaching the A546-sapC with the confocal microscope laser and observed a strong increase of A488-GCase fluorescence (Fig. 2 A) . Thus, sapC and GCase are in close contact on the membrane surface. The enhanced A488-GCase intensity allowed clear correlation between the A546-sapC and A488-GCase fluorescence distributions ( Fig. 2B) , confirming the assignment of the AFM features.
GCase Enzyme Activity. We used a membrane-bound fluorogenic substrate analog to image and assay GCase activity in bilayers. The compound 6,8-dif luoro-4-heptadecylumbelliferyl ␤-Dglucopyranoside (DFUG) is similar to soluble umbelliferylbased glucosides used as GCase substrates in previous studies (12, 27, 28) but contains a C 17 acyl chain that anchors the molecule to the membrane. DFUG is an excellent analogue of the natural GlcCer substrate for measuring membrane-bound GCase activity, because hydrolysis of the glucoside headgroup yields the f luorescent compound 6,8-dif luoro-7-hydroxy-4-heptadecylcoumarin (DFHU), which also remains in the lipid bilayer.
In the absence of activator protein, GCase had a low but detectable level of enzyme activity when incubated with liposomes containing DFUG (Fig. 3) . Preincubation of the liposomes with varying amounts of sapC before the addition of fixed amounts of enzyme resulted in a dose-dependent increase in the GCase activity. The time curves resemble typical activity rates when increasing amounts of substrate are mixed with enzyme, but in this case, the total amount of DFUG substrate is constant, and only the activator concentrations are changing. Thus, sapC is effectively increasing the amount of substrate that is available for hydrolysis in this assay. There is a 10-fold increase in the initial rate of hydrolysis at 2.5 M sapC, which is similar to the Ϸ7-fold increase in GCase activity when incubated with the same concentration of sapC and liposomes containing radiolabeled GlcCer (12) . No substrate hydrolysis was observed in the absence of GCase, regardless of the saposin concentration.
These observations were reproduced with supported bilayers in the confocal microscope. A488-GCase was added to DFUGcontaining membranes in the absence of sapC. Isolated spots of intense A488-GCase fluorescence (white in Fig. 4 and SI Fig. 8 ) correspond to protein bound directly to exposed mica surfaces in areas of large membrane defects and serve as an internal negative control. Weak but measurable A488-GCase fluorescence was observed in areas of intact membrane, indicating low concentrations of enzyme at the membrane surface. Upon the addition of A546-sapC, there was a significant increase in the amount of GCase bound at the membrane, giving rise to new localized areas of enzyme (Fig. 4A, ' 'GCase,'' green patches). In the DFHU channel, fluorescence was seen only in areas that contained both sapC and GCase (Fig. 4) . Thus, sapC resulted in GCase translocation to concentrated patches in the bilayer, and enzyme activation by sapC was confirmed by the colocalization of the A488-GCase, A546-sapC, and DFHU signals. GCase-sapC-DFHU Interactions. The results described above demonstrate the translocation of soluble GCase to the bilayer in areas remodeled by sapC, with the concurrent accumulation of the reaction product DFHU at sapC/GCase sites. Next, we used FRET between A546-sapC and A488-GCase and between A488-GCase and DFHU, as a sensitive tool to determine the presence of associations between sapC, GCase and membrane-bound DFHU. Fig. 5 shows that the fluorescence from membranebound A488-GCase increases when the FRET acceptor A546-sapC is photobleached by the confocal microscope laser (Fig. 5 Middle, ''Gcase'' image). The FRET efficiency, E, for the pair A546-sapC/A488-GCase is 0.65, which indicates very close proximity. Similarly, DFHU fluorescence experiences a net increase when A488-GCase is photobleached in turn (Fig. 5 Bottom, ''DFHU'' image). This confirms the close proximity of GCase, sapC and the product of the hydrolase reaction, DFHU, in the bilayer. Because there is no spectral overlap between the absorption spectrum of A546 and the emission spectrum of the coumarin derivative, there is no direct FRET between the labeled sapC and DFHU. However, we have described FRET between sapC and labeled lipid molecules in sapC transformed bilayers (15) .
Discussion
GCase is a soluble enzyme that requires a facilitator to access its membrane-embedded substrate in the hydrolysis of glucose headgroups. Purified GCase was previously shown to interact only weakly with liposomes and to exhibit a low level of liposomal GlcCer hydrolysis (29) . Unlike the pancreatic lipase/colipase system (22) , there is no indication of an interaction between sapC and purified delipidated GCase in solution in the absence of membrane lipids (30) (31) (32) (33) . The association of the proteins and hydrolase activation is recovered when lipids, especially negatively charged lipids, are added (30) (31) (32) (33) . [Earlier GCase preparations were shown to bind Sepharose-coupled sapC (34, 35) , and sapC induced the lowering of the GCase K m value for 4-methylumbelliferyl-␤-D-glucopyranoside (MUG) hydrolysis (35) . However, the same preparations were shown to contain considerable amounts of lipids (35) .] Acidic pH and the presence of the negatively charged lipids 1,2-diacyl-sn-3-phosphoinositol (PI) or bis(monoacylglycero)phosphate (BMP), which are abundant in intralysosomal compartment (36) , are required for the activation of GCase activity by sapC (12, 27) . In our DFUG assay, the activation of GCase by sapC was maximal in the pH range 4.8-5.0 and required PI or BMP (SI Fig. 9 ), as expected.
The sapC preparations used in this study were not glycosylated, and the consequences of covalent modifications at position Asn-22 (the single glycosylation site in sapC) deserve comment. Two recent reports have shown that glycosylated recombinant saposins A (37) and B (38) expressed in yeast differ from the unglycosylated forms in their ability to solubilize lipids from immobilized liposomes. However, earlier reports have shown that nonglycosylated saposins retain their lipid-binding and enzyme activation effects (39) , and recombinant sapC expressed in Escherichia coli was shown to have similar properties to sapC purified from natural tissues (40) . Notably, E. coli-expressed saposin B (nonglycosylated) was as active as glycosylated human saposin B purified from urine in an in vitro activity assay (10) and could functionally complement saposin B-deficient human fibroblast cells (41) . We have shown in a previous report (15) that both unglycosylated sapC and Alexalabeled N22C sapC have similar lipid extraction activities on supported bilayers. Moreover, our previous (15) and current results (Figs. 1 and 2 and SI Fig. 7) show that both unlabeled sapC and the Alexa-labeled N22C mutant have similar bilayer transformation effects when observed by AFM imaging. As an additional test, we found that the GCase activation properties of Alexa-labeled sapC were similar to that of unlabeled sapC in the liposomal assay (SI Fig.  10 ). We conclude that the covalent addition of a 1,034-Da fluorophore at position Asn-22 has negligible effects on sapC activity in these assays. Further studies will be required to directly demonstrate any effects of sapC glycosylation in these assays.
Although sapC has the potential to solubilize membrane lipids (12, 15) , solution studies with liposomes have led to conflicting conclusions in assigning the GCase/sapC pair to either the ''solubilizer'' or the ''liftase'' mode of action (12, 33) . Our direct visualization of the events occurring at the membrane interface suggests that GCase hydrolyzes its substrate at the bilayer level with the help of sapC within a complex at the membrane surface. Although we cannot formally exclude the possibility that all or part of the product may be originating in solution and transferred back to the bilayer, that sapC brings GCase to concentrated areas at the bilayer with a subsequent increase in GCase activity in the same areas is strong support for an interfacial reaction. The increased enzyme activity may be due to several mechanisms, including increased levels of membrane-bound enzyme, a higher specific activity of the enzyme within an activator complex, and/or better access to the substrate. GlcCer, a membraneembedded glycosphingolipid with a glucosyl headgroup, is the natural substrate for GCase. Assuming that the enzyme alone cannot penetrate the bilayer, the lipid substrate must be ''lifted'' for proper docking of the headgroup to the active site (42) . We have shown that sapC induces a nucleated spread of membrane remodeling that is characterized by a reduced membrane thickness (15) . sapC is present in the remodeled areas, and a particular model suggests that sapC removes the top leaflet, whereas its amphiphilic nature allows it to shield the hydropho- Overlay of A488-GCase confocal images before and after sapC addition to the bilayer (SI Fig. 8) , showing newly accumulated A488-GCase after sapC addition (green areas) and the original areas of GCase accumulation before adding sapC (white patches). The A546-sapC confocal image (Center) and reaction product DFHU epifluorescence image (Right) of the same area show fluorescence localizations matching the newly accumulated A488-GCase fluorescence (Left). (B) Localized A488-GCase and enzyme product (DFHU) fluorescence intensities before (Ϫ) and after (ϩ) sapC addition to the bilayer. Fluorescence intensities were quantified from the dashed box areas and normalized relative to the ϩ intensity in each channel. The areas correspond to the position of a sapC-induced GCase spot. The images from which the pre-sapC intensities were quantified are not shown. (Bottom) A488-GCase was then photobleached within a 25 ϫ 25-m square using intense Ar-ion 488 nm laser illumination (Center). Conditions were chosen to achieve extensive bilayer coverage with sapC and GCase. At this resolution, the sapC and GCase coverage appears relatively uniform. (The bright spots correspond to aggregates of sapC and GCase as seen in Fig. 1 and were confirmed by AFM scans of the same area.) DFUG hydrolysis occurs predominantly in the areas of uniform GCase/sapC coverage.
bic tails of the lower acyl chains (15) . The organization of lipids at the interface between intact bilayers and transformed areas likely exposes lipid molecules, including the GCase substrate (Fig. 6) . The lipid fraction removed by sapC is presumably in a solubilized form and may potentially serve other functions, including loading lipid antigens onto CD1 molecules (6) (7) (8) .
The creation of perturbed bilayer edges could explain saposinmediated GCase activation, but it is unclear whether the partially exposed substrate is sufficient for enzyme translocation. Electrostatic interactions may additionally be involved in securing GCase binding to the membrane. Crystal structures of GCase have consistently shown the presence of sulfate ion clusters bound in the vicinity of the active site (23, 28, 42, 43) . The ions are thought to mimic negatively charged phospholipids that are also known to enhance enzyme activity (42) . Close proximity of sapC and GCase molecules is confirmed by our results showing colocalization of labeled sapC and GCase fluorescences in the bilayer, as well as sapC/GCase FRET. However, because purified and delipidated GCase does not seem to interact with sapC in solution (30) (31) (32) (33) , GCase binding may depend on the specific recognition of membrane-bound conformations of sapC.
The sapC-induced increase in GCase activity may also be related to a higher intrinsic activity of the enzyme within an activator complex, possibly involving a conformational change in the enzyme (44) , as seen in the case of pancreatic lipase. This is supported by the fact that sapC can increase the hydrolysis of soluble substrate analogs by up to 17-fold in the presence of large unilamellar vesicles (12, 33) . However, this activation cannot be explained by an increase in the accessibility of catalytic pocket, because the crystal structure of isolated GCase showed that the active site is easily accessible to solution compounds (23) . Alternatively, interactions with sapC and the bilayer leading to an altered configuration of the active site may account for the enhanced activity. Overall, these data provide a view of hydrolytically active sapC/GCase complexes at membrane surfaces and clarify the role of sapC in the treatment of Gaucher's disease by enzyme replacement therapy.
Materials and Methods
For descriptions of materials, cloning, expression, protein purification, fluorescence labeling, liposome preparation, AFM, and confocal epifluorescence imaging, refer to SI Text. Other procedures are described below.
Lipid Compositions. A mixture of 1,2-diacyl-sn-3-phosphocholine (PC)/cholesterol/PI/1,2-diacyl-sn-3-phosphoethanolamine (PE)/ GlcCer (50 mol %/20 mol %/10 mol %/10 mol %/10 mol %) was used to mimic lysosomal lipid composition in the experiment shown in Fig. 2 . In the experiments shown in Fig. 1, a Liposome-Based GCase Activity Assay. In this assay, GCase hydrolizes membrane-embedded DFUG to yield DFHU, which has a fluorescence emission peak at max ϭ 450 nm. DFUG-containing liposomes were prepared as described above in 50 mM sodium acetate, pH 4.8/150 mM NaCl for use in the assay. Reaction mixtures were 150 l in volume and contained 100 M total lipids. The liposomes in each reaction were preincubated for 15 min with 0-2.5 M sapC, as indicated. The reactions were performed at 20°C. The DFHU fluorophore was exited at ϭ 330 nm, and maximum emission was sampled at 0.5-s intervals over a 10-min period using a Photon Technology International (Birmingham, NJ) QM-1 fluorescence spectrophotometer. Baseline fluorescence values were recorded for 1 min before the addition of 0.05 M GCase to each reaction sample. Initial rate values were calculated by linear regression of the first 15 points, after GCase addition and mixing. Standard deviations were calculated from residual 2 values.
FRET. FRET was detected as an increase in donor fluorescence intensity after acceptor photobleaching (26, 45) . A488-GCase/ A546-sapC and DFHU/A488-GCase were used as FRET donor/ acceptor pairs in the experiment shown in Fig. 5 . The lipid bilayer containing 10 mol % DFUG (membrane-anchored, fluorogenic GCase substrate). To confirm FRET, a control experiment was performed with unlabeled sapC (SI Fig. 11 ). Consecutive A488-GCase/A546-sapC and DFHU/A488-GCase FRET experiments were performed by photobleaching within a 25 ϫ 25-m area A546-sapC followed by A488-GCase using intense HeNe 543-and Ar-ion 488-nm lasers, respectively. Images in the DFHU, A488-Gcase, and A546-sapC channels of a 70 ϫ 70-m area centered around the photobleached square were acquired before and after each photobleaching event.
FRET efficiency, E, was calculated by using the equation E ϭ 1 Ϫ Db/Da, where Db and Da are the donor fluorescence intensities before and after acceptor photobleaching, respectively (26) . Db and Da were quantified from raw images in a 20 ϫ 20-m square within the photobleached area. 
